The potential energy curves have been investigated for the 40 lowest electronic states in the representation below 25,000 cm -1 of the molecule NiO via CASSCF, MRCI (single and double excitation with Davidson correction) and CASPT2 methods. The harmonic frequency
Introduction
The metal oxide NiO shows complicated electronic spectra because of the presence of large number of electronic states derived from several low-lying configurations but it gives a systematic example of chemical bonding, which depends on the relative energy between the 3d orbital of the metal and the 2p orbital of oxygen [1, 2] . The transition metal oxides have interesting applications in many fields such as materials application and the oxidation of metal surfaces. Among these compounds the NiO molecule which is considered as a prototype of ionic crystals, it is classified as a Mott-Hubbard insulator of very low conductivity. The conductivity of nanostructred NiO was found to be enhanced by six to eight orders of magnitude over those of NiO single crystals [3] [4] [5] [6] [7] [8] [9] [10] . The magnetic properties of different sizes of NiO nanoparticles reveal the presence of superparamagnetism as evidenced by the increasing magnetization with decreasing size as well as the magnetic hysteresis at low temperatures. Nanomagnetism promises have applications in magnetic storage with nanomagnetic particles, improved battery lifetimes and also quantum computing [11] [12] [13] [14] . The nanoarticles formed by the NiO molecule have many applications in electronics, optical, electro-optical devices and photocatalytic reaction. Despite this importance of the nickel oxide NiO, this molecule has been studied experimenttally and theoretically where a limited number of electronic states have been obtained with the corresponding molecular constants. The theoretical calculation of the NiO molecule is an extreme computational challenge because of the degeneracy of several energetically low-lying excited states and the open d, p, and s shells. The presence of the d shell implies large multiplicities which are split by spin-orbit interaction. The components of the spin and the many states perturb each other. The prediction and assignment of the electronic configuration in the ground and excited states and the description of the bonding may often be difficult.
Based on our previous theoretical calculation [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] , the important connection between energy relations of solids and molecules [46] , and stimulated by the lack of theoretical calculation of excited electronic states with the existence of preliminary experimental and theoretical data, we performed an ab initio study of the low-lying electronic states of the molecule NiO below 25,000 cm -1 . In this work, we investigate the potential energy curves (PECs), the electric dipole moment and spectroscopic constants for the 40 2s+1 Λ (±) low-lying electronic states of this molecule obtained by MRCI and RSPT2 calculations. Taking advantage of the electronic structure of the inves-tigated electronic states of the NiO molecule and by using the canonical functions approach [47] , the eigenvalues E v, the rotational constant B v and the abscissas of the turning points r min and r max have been calculated for several vibrational levels of the considered electronic states.
Computational Approach

Ab Initio Calculation
The PECs of the lowest-lying electronic states of the NiO molecule have been investigated via CASSCF and CASPT2 methods. The MRCI calculations (single and double excitations with Davidson corrections) were performed. The Nickel atom is treated as a system with 10 inner electrons taken into account using the basis LANL2DZ-ECP [48] [50] taking advantage of the graphical user interface GABEDIT [51] .
In the representation 2s+1 Λ (±) , 40 electronic states have been investigated for 46 internuclear distances in the range 1.331 Å ≤ r ≤ 2.681 Å by using the MRCI and RSPT2 calculations. The potential energy curves for the singlet and triplet states, obtained by MRCI calculation, are given in Figures 1-4 .
The spectroscopic constants such as the vibration harmonic constant e  , the internuclear distance at equilibrium r e , the rotational constant B e and the electronic transition energy with respect to the ground state T e have been calculated by fitting the energy values around the equilibrium position to a polynomial in terms of the internuclear distance. These values are given in Table 1 together with the available data in the literature either theoretical or experimental. An overlap between the 3d and 4s orbitals of the Ni atom and the 2p orbitals of the oxygen atom lead to the formation of the molecular orbitals of the molecule NiO. 0.3765 A large number of low-lying electronic states, many with very high spin multiplicity, of 3d metal oxides are produced by the unpaired electrons, therefore strong state mixing results in spectroscopy which implies difficult theoretical calculation. Another dimension of complexity can be added originating for the large nuclear spin and magnetic moment of the nuclei with odd atomic number. The first excited state of the NiO molecules has long been a matter of controversy. The theoretical calculation of Bauschlicher Jr. and collaborators [21, 22, 56] and that of Bakalbassis et al. [24] , are in disagreement with the values calculated in the present work, while there are good agreements between our data and those of Bauschlicher Jr. and Maitre [56] for the values of r e for these states with the relative differences Δr e /r e ( 3 Δ) = 9% and Δr e /r e ( 1  + ) = 5%. The 3  -at 16,000 cm -1 predicted by Friedman-Hill and Field [18] is in very good agreement with the (2) 3  -state calculated in the present work with the relative difference ΔT e /T e = 0.3%. The detected 3  state by Walch and Goddard [20] at ≈6000 cm -1 fits with our assignment of the state (2) 3  where the relative difference in energy ΔT e /T e = 12%. The comparison of our results with the most recent investigation on the molecule NiO [58] shows an excellent agreement with our results for the state 3 

-, but our assumption for the energies 19452.6 cm -1 and 19447.3 cm -1 are in agreement with that given by Wu and Wang [54] . Because of the breakdown of the Born-Oppenheimer approximation at the crossing and avoided crossing of the potential energy curves near the minimum of the potential energy curves there is no calculation of the spectroscopic constants of other calculated electronic states where the potential energy curves are given in Figures 1-4 .
The electric dipole moment is an effective gauge of the ionic characters; it is helping for understanding the macroscopic properties of imperfect gases, liquids and solids and is of great utility in the construction of molecular orbital. The expectation value of this operator is sensitive primarily to the nature of the least energetic and most chemically relevant valence electrons. To understand the ionic behavior of the excited electronic states we have presented in Figures 5-8 
The Vibration-Rotation Calculation
Within the Born-Oppenheimer approximation, the vibration rotation motion of a diatomic molecule in a given electronic state is governed by the radial Schrödinger equation
where r is the internuclear distance, v and J are respecttively the vibrational and rotational quantum numbers, vJ and vJ are respectively the eigenvalue and the eigenfunction of this equation. In the perturbation theory these functions can be expanded as
with e 0 = E v , e 1 = B v , e 2 = -D v ,  0 is the pure vibration wave function and  n its rotational corrections. By replacing Equations (2) and (3) into Equation (1) and since this equation is satisfied for any value of , one can write [47, [59] [60] [61] [62] [63]     Once e 0 is calculated from Equation (4), e 1 , e 2 , e 3 ··· can be obtained by using alternatively Equations (5) and (6) . By using the canonical functions approach [47] and the cubic spline interpolation between each two consecutive points of the PECs obtained from the ab initio calculation of the NiO molecule, the eigenvalue E v , the rotational constant B v , the distortion constant D v , and the abscissas of the turning point r min and r max have been calculated up to the vibrational levels v = 12 for the investigated electronic states in the present work. These values for the state X 1 ∑ + and the (2) 3 Φ (as illustration) are given in Table 2 . The comparison of the investigated values of B v and D v in literature [18, 19, 25] with our calculated values for these states showed a good agreement with relative difference ΔB v /B v ≈ 8% for v = 0, 1 and ΔD v /D v equal 7.5% and 2.4 % respectively for v = 1 and v = 2.
Conclusion
In the present work, the ab initio investigation for the 40 low-lying singlet and triplet electronic states of the NiO molecule has been performed via CAS-SCF/MRCI and CASPT2 methods. The potential energy and the dipole moment curves have been determined along with the spectroscopic constants T e , r e , e  , and the rotational constant B e for the lowest-lying electronic states. The comparison of our results, for different states, with those obtained experimentally and theoretically shows a good agreement. By using the canonical functions approach 
